Kiruna-type iron oxide-apatite (IOA) deposits are an important source of Fe ore, and two radically different processes are being actively investigated for their origin. One hypothesis invokes direct crystallization of immiscible Fe-rich melt that separated from a parent silicate magma, while the other hypothesis invokes deposition of Fe-oxides from hydrothermal fluids of either magmatic or crustal origin. Here, we present a new model based on Fe and O stable isotopes and trace and major element geochemistry data of magnetite from the ~350 Mt Fe Los Colorados IOA deposit in the Chilean iron belt that merges these divergent processes into a single sequence of events that explains all characteristic features of these curious deposits. We propose that concentration of magnetite takes place by the preferred wetting of magnetite, followed by buoyant segregation of these earlyformed magmatic magnetite-bubble pairs, which become a rising magnetite suspension that deposits massive magnetite in regionalscale transcurrent faults. Our data demonstrate an unambiguous magmatic origin, consistent with the namesake IOA analogue in the Kiruna district, Sweden. Further, our model explains the observed coexisting purely magmatic and hydrothermal-magmatic features and allows a genetic connection between Kiruna-type IOA and iron oxide-copper-gold deposits, contributing to a global understanding valuable to exploration efforts.
INTRODUCTION
The Los Colorados (LC) deposit, in the Cretaceous Chilean iron belt in the Coastal Cordillera of northern Chile (25-31°S) ( Fig. 1) , was formed during the breakup of Gondwana, which forced the Pacific margin into flat subduction (Chen et al., 2012) . The inversion of extensional back-arc basins caused transcurrent crustal-scale fault zones (Atacama fault system), which host ~50 Fe iron oxide-apatite (IOA) deposits; seven each contain >100 Mt high-grade ore (Nyström and Henríquez, 1994) . These deposits share characteristics with large IOA deposits in the giant Proterozoic Kiruna district (>100 Mt Fe) of Sweden (Nyström and Henríquez, 1994; Jonsson et al., 2013) , including similar tectonic stress changes in a former back-arc setting (Allen et al., 2008) . However, deposits in the Kiruna district have been disturbed by later alteration and metamorphism that complicate mineralogical and geochemical investigations. The origin of Kiruna-type IOA deposits remains controversial, and fundamentally different formation processes have been suggested. Several working hypotheses, including magmatic-hydrothermal replacement (Sillitoe and Burrows, 2002) , hydrothermal precipitation in the sense of iron oxidecopper-gold (IOCG) deposits (Barton, 2014) , and liquid immiscibility (Nyström and Henríquez, 1994; Naslund et al., 2002) , have been invoked to explain, e.g., the vesiculated "magnetite lava flows" at the El Laco IOA deposit northeast of the Chilean iron belt (Park, 1961; Nyström and Henríquez, 1994) . Iron ore at LC consists of massive magnetite (≤90% modal) in two kilometer-scale subparallel "dikes" (110 Ma), which are exposed along the strike of the southern segment of the Atacama fault system and associated with a diorite intrusion (108 Ma) (Pincheira et al., 1990) (Fig.  1) . Magnetite crystals contain polycrystalline silicate and halite-bearing fluid inclusions (<5 µm). Coeval actinolite, clinopyroxene, and minor apatite are present, and the ore body lacks sodic and potassic alteration phases.
MAGMATIC STABLE ISOTOPE SIGNATURES AT LOS COLORADOS
We report stable Fe and O isotope pairs for 13 samples from two drill cores of the LC deposit (LC-04, LC-05), one representative sample from the extensively overprinted Fe-oxide deposit at Mineville, New York (USA) (Valley et al., 2011) , and one from the Kiruna deposit, Sweden. Iron isotope values were obtained following the double-spike method of Millet et al. (2012) as doi:10.1130/G36650.1 Geology, published online on 19 May 2015 respectively, based on analyses of natural samples of known igneous origin (Heimann et al., 2008; Taylor, 1967) . The isotopic signature of magnetite at LC overlaps these established magmatic values. The data also overlap the Fe and O isotope signature of magnetite from the Kiruna district (Jonsson et al., 2013; Weis, 2013) , and eliminate a purely low-temperature (T) hydrothermal origin for the Fe ore. In contrast, data for magnetite from Mineville demonstrate that hydrothermal alteration-related mineralization (Valley et al., 2011) 
MAGMATIC TO HYDROTHERMAL GEOCHEMICAL ZONING OF MAGNETITE
To distinguish between purely igneous and magmatic-hydrothermal signatures that are merged as "magmatic" in the previous section, highresolution trace element analyses were performed on individual magnetite grains. Electron probe microanalyses (Item DR2) of most magnetite grains from the center of the western dike (LC-05) and its border zone (LC-04) indicate a high-T magmatic origin (porphyry type) according to discrimination diagrams ([Ti + V] vs. [Al + Mn]) of Dupuis and Beaudoin (2011) and Nadoll et al. (2014) (Fig. 3) . However, some magnetite grains are zoned ( Fig. 3 ) with euhedral cores rich in silicate inclusions (type 1) within a less porous magnetite matrix (type 2), which can be surrounded by a third generation of porous magnetite (type 3). The compositions of the magnetite cores (type 1) are consistent with Ti-rich magnetite in nelsonites (Fe-Ti, V field in Fig. 3 ), which are thought to form by purely magmatic processes, while type 2 magnetite has a high-T magmatic-hydrothermal fluid signature (porphyry field). Only samples distal from the dike center or distal from the grain cores (i.e., late growth zones) have (Ti + V) and (Al + Mn) as low as expected for magnetite of the Kiruna field (cf. Dupuis and Beaudoin, 2011) in Figure 3 (type 3 magnetite). The chemical patterns are therefore best interpreted to reflect a change from purely magmatic to magmatic-hydrothermal conditions during crystallization of the LC magnetite.
A NEW MODEL: MAGNETITE SEGREGATION, SUSPENSION, AND TRANSPORT
The data presented here indicate that LC magnetite records a transition from purely magmatic conditions (type 1) to high-T magmatic-hydrothermal conditions (type 2) with decreasing T (type 3). This compositional change suggests that the formation of the LC magnetite ore resulted from a sequence of events involving a melt and a magmatic-hydrothermal fluid. We propose the following model to explain this process:
(1) In hydrous, oxidized arc magmas, magnetite is the first liquidus phase at 200 MPa (Martel et al., 1999) , which facilitates H 2 O saturation (Hurwitz and Navon, 1994) . To reduce surface energies, bubbles nucleate on crystal surfaces (heterogeneous bubble nucleation). However, fluids exclusively attach to magnetite microlites due to larger wetting angles between fluids and oxides (45°-50°) compared to silicates (5°-25°) (Gualda and Ghiorso, 2007; Edmonds et al., 2014) (Fig. 4A) .
(2) Bubble-magnetite pairs (i.e., fluid bubbles attached to magnetite microlites) rise (Fig. 4B) when the buoyancy force F buoyancy > 0 (Gualda and Ghiorso, 2007) , which can be estimated by:
Here, V bubble and V mgt are the volumes of bubble and magnetite, respectively, g is gravitational force, and Dr is the density difference between melt and bubble (Dr bubble ) or between magnetite and melt (Dr mgt ). A magnetite-bubble pair will not ascend when F buouyancy ≤ 0. Thus, the critical ratio of V bubble /V mgt at which these aggregates will ascend in the magma chamber can be calculated by:
We assume r mgt = 5.20 g/cm 3 and r melt = 2.27 g/cm 3 for a hydrous (6 wt% H 2 O) andesite (cf. Ochs and Lange, 1999) NaCl eq based on the presence of euhedral halite in our magnetite-hosted fluid inclusions (Bodnar and Vityk, 1994) . This fluid further contains 7.2 wt% Fe based on published magnetite solubility data (Simon et al., 2004) . Using an equation of state for 1000 °C and 200 MPa (Pitzer and Sterner, 1995; Driesner, 2007) and the aforementioned fluid chemistry, r bubble is 0.51 g/cm 3 . These parameters allow F buoyancy > 0 as long as magnetite composes <37 vol% of the magnetite-bubble aggregate. Experimental evidence for flotation of ore minerals by such a process is reported by Matveev and Ballhaus (2002) and Mungall et al. (2015) .
(3) These aggregates grow, coalesce, and sweep up other magnetite microlites during ascent, becoming a rising suspension with up to 37 vol% (65 wt%) magnetite (Fig. 4C) . Once magnetite microlites are enclosed within the suspension, their chemistry will be controlled by the aqueous fluid and reflect partitioning of elements between melt, aqueous fluid, and magnetite. Hence, the concentration of fluid-immobile elements such as Ti, V, Al, and Mn, among others, should decrease in magnetite that grows from the aqueous fluid component of the suspension, and the magnetite chemistry should become magmatic-hydrothermal (type 2 magnetite). Published experimental data demonstrate that Cl-bearing aqueous fluids can scavenge up to several weight percent Fe from the melt as FeCl 2 (Simon et al., 2004; Bell and Simon, 2011) (Fig. 4C) , allowing for type 2 and type 3 magnetite to grow during ascent and cooling (Fig. 4D) . Abundant Cl in the melt can be explained by seawater recycling of the subducted slab (Philippot et al., 1998) . Chlorine-bearing aqueous brine also effectively scavenges P, among other fluid-compatible elements, from silicate melt, with reported brinemelt partition coefficients for P ranging from 2 to 6 (Zajacz et al., 2008) . The magnetite suspension ascends through the melt-dominated magma, owing to increasing V bubble and thus decreasing r bubble during ascent (decompression), and forms larger magnetite-suspension pockets (Fig. 4C) .
(4) Instead of forming just magnetite-rich enclaves as described by Edmonds et al. (2014) , we propose that tectonic stress changes cause, in the case of LC, an efficient ascent of the magnetite suspension. A sudden destabilization of the magma body results in rapid transport (5-20 m/s) through hydraulic fractures in a ductile crystal-mush regime (Hautmann et al., 2014) , wherein high-flux permeable channels become well developed with increasing crystallinity (cf. Hersum et al., 2005) . This is a plausible, repeatable scenario for the formation of the LC deposit, due to the tectonic activity along the Atacama fault system during the Early Cretaceous, which also explains the spatial relationship between the Chilean iron belt and the Atacama fault system. Finally, the magnetite suspension(s) accumulate in large crustal faults owing to decreasing pressure and T, trapping additional phases such as brine and silicates as inclusions (Fig. 4D) . Euhedral actinolite, apatite, and clinopyroxene may co-crystallize, similar to observations in decompression experiments for chromite deposits (Matveev and Ballhaus, 2002) .
Incorporation of primary (type 1) magnetite into the exsolved magmatic-hydrothermal aqueous fluid phase would not only explain the detected geochemical signature, but would also decrease the magma volume required to produce the ~350 Mt Fe ore deposit at LC. For instance, for a hydrous (6 wt% H 2 O) andesitic magma (r = 2.27 g/cm 3 ), the addition of 20 wt% primary magnetite into the fluid phase (mass proportion of magnetite in the suspension) would decrease the required magma chamber size from >150 to 50 km 3 when 20% degassing and a 50% depositional efficiency of dissolved Fe are assumed. In this case, the fluid that ascends after formation of the LC deposit retains half of its original dissolved Fe. Notably, the parental magma loses only 0.7 wt% FeO (see Item DR3 for model calculations).
A GENETIC LINK BETWEEN IOA AND IOCG DEPOSITS?
Our proposed magnetite suspension model accounts for the observed combination of primary igneous (type 1) and secondary high-T hydrothermal magnetite (type 2), and can also explain the lack of K and Na alteration at LC and potentially a genetic link between IOA and IOCG deposits. Simon et al. (2004) reported that the Fe concentration of a Cl-rich aqueous fluid decreases slightly during decompression, while concentrations of Na and K strongly increase, allowing for magnetite precipitation without simultaneous Na and K mineralization. However, owing to retrograde solubility of metals such as Fe, Cu, and Au (Williams-Jones and Migdisov, 2014; Hurtig and Williams-Jones, 2014) , the magmatic-hydrothermal fluid that precipitates magnetite will continue transporting significant amounts of dissolved Fe (plus Cu, Au) after IOA deposition. Further ascent and cooling promotes the precipitation of Cu-sulfides at T < 420 °C and at shallow levels within the crust, as observed for IOCG deposits. This is consistent with the proposed model in which IOA deposits represent the deeper roots of IOCG systems (e.g., Sillitoe, 2003) , and may therefore be a step toward a systematic formation model for IOCG deposits.
CONCLUSION
The Chilean iron belt experienced an amalgamation of several factors including: (1) the formation of a Cl-rich hydrous mafic magma due to recycling of seawater during subduction; (2) crustal thinning in an extensional back-arc setting, allowing magma ascent into the shallow crust; and (3) a stress change during the Early Cretaceous that produced crustalscale faults (Atacama fault system) to serve as conduits for magnetitefluid suspensions. Our new magnetite-suspension model for the formation of Kiruna-type IOA deposits is supported by stable Fe and O isotope signatures and the contrasting magnetite geochemistry between silicate inclusion-rich igneous cores and the surrounding magmatic-hydrothermal magnetite matrix. The observed trend from high to low (Ti + V) and (Al + Mn) values (Fig. 3) can be explained by cooling magmatic-hydrothermal fluids because these elements become increasingly incompatible in magnetite and aqueous fluid at lower T. Eventually, further ascent and cooling reduces the ability of the fluid to maintain high concentrations of dissolved Fe and other elements (e.g., Cu, Au), which promotes the precipitation of Cu-sulfides and Fe-oxides at shallower levels than IOA deposits, supporting a genetic link between IOA and IOCG deposits. Lastly, it is plausible that a magnetite-fluid suspension vented to the surface could have produced the strongly vesiculated magnetite "lava flows" observed at El Laco, Chile (Park, 1961) , with magnetite trace element patterns guiding researchers to a high-T magmatic-hydrothermal origin (Dare et al., 2014) . 
